CPEB is a sequence-specific RNA binding protein that regulates translation at synapses. In neurons of CPEB knockout mice, synaptic efficacy is reduced. Here, we have performed a battery of behavioral tests and find that relative to wild-type animals, CPEB knockout mice, although similar on many baseline behaviors, have reduced extinction of memories on two hippocampal-dependent tasks. A corresponding microarray analysis reveals that about 0.14% of hippocampal genes have an altered expression in the CPEB knockout mouse. These data suggest that CPEB-dependent local protein synthesis may be an important cellular mechanism underlying extinction of hippocampal-dependent memories.
The modulation of synaptic strength, which underlies long-term memory storage (Hering and Sheng 2001) , may involve "synaptic tagging," where a stimulated synapse is tagged with a molecular mark that a neuron uses to distinguish naive from stimulated synapses (Martin et al. 2000) . Based on the recognition of this tag, a neuron can modify the strength of its synaptic response upon subsequent stimulation. While the nature of the tag is unknown, protein synthesis is involved in its establishment or recognition (Kang and Schuman 1996; Huber et al. 2000; Scheetz et al. 2000; Richter and Lorenz 2002) . One process that regulates translation at synapses is cytoplasmic polyadenylation; here, mRNAs have short poly(A) tails, but in response to activity, the poly(A) tails lengthen and translation ensues (Wu et al. 1998; Huang et al. 2002; Du and Richter 2005) . CPEB is the factor responsible for polyadenylation; it is a sequence-specific RNA binding protein that once phosphorylated, activates a series of events that culminates in polyadenylation and translation (Mendez et al. 2000; Barnard et al. 2004; Sarkissian et al. 2004) .
In neurons, N-methyl-D-aspartate receptor (NMDAR) signaling mediates CPEB phosphorylation and resulting polyadenylation (Wu et al. 1998; Huang et al. 2002; Shin et al. 2004; Du and Richter 2005) . The importance of CPEB is underscored by experiments showing that knockout (KO) mice have a deficit in longterm potentiation (LTP) in Schaffer collateral CA-1 hippocampal neurons stimulated with a theta-burst protocol (Alarcon et al. 2004) . Here, we have examined the behavior of CPEB-knockout mice. The animals have normal motor and sensory function but exhibit alterations in reversal learning of a spatial navigation task, as well as reduced extinction in hippocampal-dependent memory tasks. In the hippocampus, CPEB regulates the expression of about 0.14% of genes. These data show that CPEB modifies not only gene expression and synaptic plasticity, but learning and memory as well.
The generation of CPEB knockout (KO) mice has been described (Tay and Richter 2001) . Physical evaluation and behavioral testing on 3-4-mo-old C57Bl/6 males (10 WT and 10 KO) included visual observation, weighing, forepaw grip strength (grip strength apparatus, San Diego Instruments) (Frick et al. 2000) , rotorod motor coordination (San Diego Instruments), 12 h dark cycle locomotor activity (Arters et al. 1998 ) using a Photobeam Activity System (San Diego Instruments), anxiety and exploratory behaviors on a zero maze (Pähkla et al, 2000) , multiday water maze acquisition and extinction tasks, hearing evaluation (Preyer's reflex), contextual fear conditioning and extinction, and shock sensitivity testing. A second set of animals (9 WT, 10 KO) was assessed for contextual fear conditioning retention 10 d after initial acquisition. In all cases, the experimenters were blind to genotypes. All mice were maintained on a 12-h light/12-h dark cycle with food and water available ad libitum except during testing.
Spatial and cued learning, memory, and extinction were tested using multi-day water maze paradigms . During spatial acquisition trials (7 d), the mice locate a hidden platform using extra maze visual cues. The animals received four spatial trials/day for 7 d; a maximum of 60 sec/trial was allowed with a 4-6 min inter-trial interval (ITI). During the reversal trials (4 d) the hidden platform was moved to a new quadrant and the mice learned to locate the new platform position. During reacquisition trials (4 d), the hidden platform was moved back to the original training quadrant and the mice relearned to locate this position. During extinction trials (6 d), the platform was removed and the amount of time the animals spent in the original platform quadrant was recorded. Thirty minutes after the third block of spatial trials, the mice received one probe trial in which the platform initially was lowered to make it unavailable for escape. Thirty seconds were allowed for the mouse to attempt to locate the platform, then the platform was raised and another 30 sec was allowed for the mouse to locate and climb onto it. Finally, the extra-maze cues were removed and the location of a visible platform was changed to a different quadrant for each of four cued trials. Parameters for spatial and cued trials were swim time, path length, and swim speed.
A chamber containing an infrared beam that detects animal movement (Coulbourn Instruments Habitest System) was used to measure contextual fear conditioning under constant light. For the acquisition phase, a mouse was placed in a chamber with an electrified floor grid (context A). The mouse was given two consecutive training trials, each consisting of a 2-min acclimation period, the sounding of an 80-dB white noise tone for 30 sec, and the administration of a 2-sec 0.5-mA foot shock concomitant with the last 2 sec of the tone. After the second training trial, the mouse was monitored for an additional 30 sec, and then returned to its home cage. To measure context memory 24 h after the regimen noted above, the mouse was placed again in the same chamber for 5 min and its movement monitored; however, no shock was given. The various test segments were separated into bins of 10 sec duration, and the percent time spent freezing in each of the bins was calculated. Freezing was defined as Ն3 continuous sec during which no movement was detected. The per-cent freezing for each part of the test was determined by averaging the percent freezing calculated for each of the associated bins. Extinction trials were identical to conditioning acquisition trials except that no shock was presented. The mouse received two extinction trials, with a 20-min ITI on d 2, 3, 4, and 9 after the acquisition trials. To measure 9-d retention, one set of mice received fear conditioning acquisition training exactly as described previously, however, contextual memory retention was assessed 9 d (rather than 24 h) later. These mice did not receive extinction trials.
Shock reactivity was tested as previously described (Arters et al. 1998) . Mice were given a series of 1-sec foot shocks of increasing intensities (0.05 mA, 0.1 mA, 0.15 mA, and 0.2 mA). Vocalizations and jumping were scored on a 0-3 scale (0 indicated no response and 3 indicated an extreme response). As a measure of gross hearing loss, Preyer's reflex was examined (Jero et al. 2001 ). Data were analyzed using Student t-tests, one-or two-factor ANOVA or repeated measures ANOVA using SuperANOVA (Abacus Concepts, Inc). Shock reactivity scores were analyzed using the Mann-Whitney test for nonparametric data using SPSS data analysis software (SPSS, Inc.). Table 1 summarizes several neurological, locomotor activity, sensory, and anxiety measurements. In all cases, wild-type (WT) and CPEB knockout (KO) mice were statistically indistinguishable.
Spatial navigation tasks (acquisition, reversal, and reacquisition of a platform position), which are hippocampusdependent (Morris et al. 1982) , were followed by extinction trials and finally cued/visible platform trials (Frick and Berger-Sweeney 2001) . Both groups of mice learned the position of the platform as noted by decreased latencies over the 7 d of the acquisition trials (Fig. 1A) ; overall, the swim latencies for WT and KO mice did not differ [F (1,18) = 3.5, P = 0.08]. However, on d 1-4, the KO mice had significantly lower latencies [F (1,18) = 5.4, P = 0.03], suggesting a faster rate of learning. During reversal trials, when the platform was moved to the quadrant opposite the original training quadrant, both groups had long latencies on the first day as evidenced by their perseveration in the original training quadrant. While latencies for both WT and KO mice decreased similarly on d 2, there were different patterns in reversal performance between the groups [F (3,54) = 9.5, P = 0.0001]. Retentions of the different tasks, as measured in the probe trials, were similar between WT and KO.
During the 5-d water maze extinction trials, the platform was removed and the percent time in the former training quadrant was measured. The WT mice extinguished the preference for the former platform quadrant more quickly than the KO mice [F (1,18) = 4.3, P = 0.05] despite the fact that there were no significant differences in performance on the first day of extinction trials [t (18) = 1.7, P = 0.1], (Fig. 1B) . While the WT mice extinguished to chance performance (25%) by d 4, the KO mice had not reached chance performance even by d 5.
Cued (visible platform) trials were run on the last day of swim-maze testing. Both groups learned the cued task as indicated by decreased latencies over the four blocks of trials (data not shown). There were no significant differences between groups or significant interactions [F's < 2.5, P's > 0.13], suggesting the two groups had similar visual abilities and motivations to find the platform and climb onto it to escape swimming (Fig. 1B) . Both groups of mice exhibited little freezing in the conditioning chamber before any shock was presented (10.2 ‫ע‬ 5.4% freezing in the WT and 9.7 ‫ע‬ 4.3% in the KOs) [t (18) = 0.005, P = 0.9]. Twentyfour hours after the acquisition session in which the mice received shocks, both groups responded to being placed back in the context where they had received shocks with increased freezing 78.4 ‫ע‬ 3.6% and 86.4 ‫ע‬ 2.8% freezing, respectively (Fig. 1C) . While there was no significant difference between the groups on d 1 [t (18) = 1.9, P = 0.07], over the entire 9 d of testing, the WT extinguished more quickly than the KO [F (1,18) = 6.0, P = 0.03]. Behavior of CPEB knockout mice
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To measure contextual fear conditioning retention, mice acquired the fear conditioning task; fear conditioning retention was measured 9 d later, which was similar between the groups-70.3% ‫ע‬ 8.1 for WTs and 73.0% ‫ע‬ 10.3 for KOs [t (15) = 0.5, P = 0.6]. These data suggest that the KO mice had impaired extinction, but normal retention, of the task.
Because the behaviors noted above require hippocampal function (Sanders et al. 2003) , we determined whether gene expression in this area of the brain is altered in CPEB KO mice. DNA arrays covering ∼36,000 sequences (U74v2 Affymetrix) were probed with cRNA derived from the hippocampi of 2-3-mo-old WT and CPEB KO mice. The array was probed with four samples containing pooled RNA from two WT or two KO hippocampi; because each WT sample was compared to each KO sample, there were four comparisons for each gene. The data were analyzed according to Affymetrix statistical algorithms. RNA changes between WT and KO were considered to be significant if there was a twofold or more difference in at least three of the four comparisons. Quantitative RT-PCR using SYBR Green (Qiagen) was also used to compare selected sequences.
The expression of only 19 genes was different between the two samples (Table 2) , representing ∼0.14% of the ∼14,000 hippocampal sequences on the array; 15 of the RNAs decreased by ∼2-28-fold in the KO versus WT while four were increased from ∼4-14-fold. Three of the RNAs, transthyretin, Enpp2, and Fut9 were further examined by quantitative RT-PCR and found to be decreased in the KO compared to WT, thus confirming the microarray results. Surprisingly, only about one-third of the RNAs have obvious CPEs. The products of these sequences have a variety of functions ranging from transcription factors to ion channels to a hormone transport factor. Interestingly, at least two of the factors, TTR (Stork et al. 2001; Sousa et al. 2004; Stein et al. 2004 ) and NPAS2 (Garcia et al. 2000) , have been implicated in learning and memory.
The most consistent cognitive change in the CPEB KO mice is an impaired ability to extinguish memories. Extinction refers to a behavioral response that will diminish and gradually become extinct in the absence of reinforcement. Numerous studies indicate that extinction results in the formation of new memories, and is not equivalent to forgetting. The mechanisms underlying extinction can be distinct from those underlying acquisition and storage of memories ). On the swim task, the KO mice extinguished the memory of the hidden platform more slowly than WT mice, despite similar performance on the first day of the extinction trials. Similarly, the KO mice extinguished the memory of a fearful context more slowly than WT, despite similar performance on the first day of the extinction trials. In the fear condition task, KO mice showed similar retention of the fearful stimulus, if extinction trials did not take place. These data point to impaired extinction in the CPEB KO mice, despite normal retention across two behavioral tasks that employ different types of learning, motivation, and motor skills. We should also point out that because we used a global knockout mouse for our studies, the impairment of memory extinction could also be due to developmental defects.
The microarray analysis detected few changes in gene expression in the CPEB KO hippocampus. Some of the changes probably represent secondary effects of the loss of CPEB since many of the RNAs do not contain CPEs. However, because CPEB regulates translation, there may be several RNAs whose expression, but not steady state levels, are adversely affected by the loss of this protein (Du and Richter 2005) . Nonetheless, some of the sequences that decreased in the CPEB KO hippocampus are known to have important neural functions. NPAS2 has been implicated in contextual fear conditioning and TTR has been shown to promote behavior similar to that seen in depression (Sousa et al. 2004; Stein et al. 2004) . Sclerostin domain containing protein 1 is an inhibitor of bone morphogeneic proteins (BMPs) (Laurikkala et al. 2003) , which promote dendritogenesis (Lein et al. 2002) . In addition, ectonucleotide pyrophosphatase phosphodiesterase 2 (Enpp2) produces lysophosphatidic acid, which functions in brain development (Moolenaar et al. 2004) , and peptidyl glycine alpha-amidating monooxygenase produces certain neuropeptides (Eipper et al. 1993) . Thus, these molecules may modify memory extinction and/or synaptic plasticity. Many previous studies focus on acquisition and storage of hippocampal-dependent memories, but very few focus on the molecular mechanisms underlying extinction . The data presented here indicate that CPEB-dependent post-transcriptional modifications are important, though not essential, for extinction of hippocampal-dependent memories. Polyadenylation in dendrites may provide a rapid mechanism to modulate synaptic strength that is necessary not only to acquire, but also to extinguish long-term memories. Many studies suggest that extinction of memories involves the hippocampus as well as the amygdala and prefrontal cortex (Maren and Quirk 2004) , all of which contain CPEB (data not shown). Furthermore, extinction of hippocampal memories is likely to be protein synthesis dependent and may involve NMDA and cannabinoid receptors, as well as activation of a host of kinases (Cannich et al. 2004; Bevilaqua et al. 2005; Cammarota et al. 2005 ). While it is unclear which hippocampal proteins are important for the extinction of memories, the current study indicates that CPEB, and those that are directly or indirectly under its control, may be involved in the synaptic tag that distinguishes a synapse to be extinguished from a naive one.
